Abstract Rice is the most important crop consumed all over the world. In Brazil, irrigated rice covers 50 % of the rice producing area and is responsible for 75 % of the national production. Upland rice covers most of the remaining area, and is therefore, a very important production system in the country. In the present study, we have used the drought tolerant upland rice variety Três Meses Antigo to investigate the proteomic changes that occur during drought stress. Plants were submitted to drought by the reposition of 50 % of the water lost daily. Twenty days after the beginning of the drought stress period, leaves were harvested and used for protein extraction. The 2D maps obtained from treated and control plants revealed 408 reproducible spots, 44 of which were identified by mass spectrometry, including 15 differential proteins. Several unaltered proteins were also identified (39 spots) and were mainly involved in photosynthesis. Taken together, the results obtained suggest that the tolerant upland rice up-regulates anti-oxidant and energy production related proteins in order to cope with water deficit.
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Oryza sativa L. is one of the most cultivated cereals around the world and approximately three billion people depend on this culture daily for their nutrition. Rice is a staple food in both developing and developed countries and is cultivated by several different methods. In Brazil, the main production system in which rice is grown is the irrigated system, which occupies 75 % of the national production. However, production costs of irrigated rice are elevated, since high amounts of water and intensive soil preparation during the plant life cycle are required. Irrigated rice is also responsible for significant rates of methane emissions [1] . These factors impose restrictions to irrigated rice expansion. On the other hand, upland rice cultivation, which is another rice production system in Brazil, presents relatively reduced costs, low environmental impact and is an important activity for the small family farms and crop rotation of soybean and corn. Moreover, it is extremely important for the agriculture-pasture system, especially in the recovery of degraded pastures. However, the frequent occurrence of drought during the cultivation period increases the economic risks associated to this production system. In order to overcome this problem, breeding programs have been working on the development of cultivars with high yield, improved grain quality and tolerance to drought, especially considering recent concerns about water shortage and uneven rainfall distribution.
Rice was the first crop to have its genome deciphered (International Rice Genome Sequencing Project, 2005), and has been considered a reference in crop studies. Since the release of the rice genome sequence, several studies have been performed to understand gene function by using functional genomic tools [2] [3] [4] [5] [6] . Proteomics is one of these approaches, which has become a very important field of study for the comprehension of complex cellular processes since it represents the link between genomic information and protein composition present in a specific tissue. Indeed, an increasing amount of studies have been reported during the last 10 years using gel-based and gel-free Proteomic techniques. The results obtained reveal that although great progress has been achieved in MS-based techniques, 2-DE still accounts for 75 % of rice proteomic studies, indicating that these are complementary methodologies [7] . Regarding the field of study in rice proteomics, almost half of the proteomic reports in the last years have focused on abiotic stresses, including drought [7] . Recently, Singh and Jwa [8] reported that the most common rice proteome responses to all abiotic stresses include photosynthesis, redox homeostasis, detoxification/antioxidation pathway, carbohydrate metabolism, and protein metabolism. Drought is one of the main environmental factors that severely affects rice yield and therefore has been given considerable attention [9] [10] [11] [12] [13] however, very few studies have focused on upland rice varieties [2, 14, 15] .
Improvement of drought tolerance has been a challenge and the comprehension of plant response to drought using a proteomic approach may help fulfill this task. In the present study, the proteome of the upland rice variety Três Meses Antigo, considered tolerant to drought stress [16] , was analyzed using bidimensional electrophoresis (2-DE) and mass spectrometry, in order to identify proteins associated to drought tolerance.
Materials and Methods
Plant Material and Drought Conditions
Different upland rice (O. sativa L. var. japonica) varieties were grown on PVC pipe columns (25 cm of diameter; 80 cm of height) using fertilized Oxisol (0.3927 m 3 ), which is the most common type of soil found in Brazil, under greenhouse conditions [16] . The experimental design and watering treatments were performed as previously described [14] . Briefly, the control condition consisted of well-watered plants, which received 100 % reposition of the water lost daily, while the drought stress consisted of 50 % reposition of the water lost daily from anthesis on. Leaf samples from plants in the control and water-stressed conditions were randomly collected at 20 days after initiating the drought stress treatment, frozen in liquid nitrogen and maintained at -80°C. At harvest, several yield components were evaluated, such as harvest index, spikelet sterility, among others and drought tolerance parameters were estimated based on calculations of drought severity, drought tolerance index and drought susceptibility index, as described previously [14, 17] . In a previous study [16] , varieties were classified according to their response to drought stress and the variety Três Meses Antigo was considered tolerant to water deficit and was therefore selected for proteomic analyses.
Protein Extraction and Image Analysis
Leaves collected from each replicate were pooled together and used for protein extraction as described previously [14] . Protein quantification was performed using the Bradford Reagent (Invitrogen, USA). Isoelectric focusing was performed with 11-cm immobilized pH gradient (IPG) strips with a pH range of 4-7 in a Multiphor II electrophoresis system (GE). Approximately 220 lg of protein were used to rehydrated IPG strips with 2 % (v/v) CHAPS, 8 M urea, 7 mg dithiothreitol (DTT) and 2 % IPG buffer. SDS-PAGE was performed in 10 % gels as described by Laemmli [18] and protein spots were visualized after silver [19] or Coomassie blue staining. Three high quality gels, each representing one biological replicate, of both conditions were selected for protein spot analysis using the ImageMaster 2D Platinum v7.0 (GE Healthcare, UK) as previously described [14] . Automatically detected spots were manually checked and spot alignment was improved by manual spot detection and matching. Proteins were considered differential when protein abundances in control and drought stressed plants were significantly different after Student's t test (a = 0.05).
Protein Identification by Mass Spectrometry
Protein spots were excised manually from Coomassie stained gels and digested using sequencing grade trypsin (Promega, Madison, WI) according to Shevchenko [20] . Aliquots of digested proteins (1.0 lL) were mixed with a saturated solution of a-cyano-4-hydroxycinnamic acid and applied to a MALDI target plate. Mass spectra were acquired using a MALDI-TOF/TOF Autoflex II spectrometer (Bruker Daltonics, Bremen, Germany) according to Rabello et al. [14] . Peak lists were generated using the FlexAnalysis 3.0 software (Bruker Daltonics) and protein identification was obtained using the MASCOT program (Matrix Science, UK) with the NCBInr protein database and Oryza sativa taxonomy, using the parameters previously described [14] .
Results and Discussion
In this study we have analyzed an upland japonica rice variety (Três Meses Antigo), which showed tolerance to water deficit [16] . In a previous analysis, we compared the root tissue of two upland japonica rice genotypes (drought tolerant and susceptible) submitted to drought stress and observed that the susceptible plants responded to water deficit in a similar way as irrigated (indica) rice varieties. The tolerant variety showed an up-regulation of several proteins involved in cell protection in response to drought [14] . In the present study, we were interested in the protein profile changes of an upland drought tolerant variety submitted to water deficit when compared to well-watered conditions. Twenty days after the drought stress, leaves were sampled and used for protein extraction. The 2D maps revealed a total of approximately 408 proteins per gel varying in size from 10 to 220 kDa and in pI from 4 to 7 ( Fig. 1) . The comparison between the protein profiles of the control and the drought stressed plants revealed proteins responsive to drought (Table 1) , as well as unaltered proteins (Table 2) , some of which were identified by mass spectrometry in order to better understand the tolerance of the upland rice Três Meses Antigo. 
Differentially Expressed Proteins
The comparison of the 2D maps of well-watered and drought-stressed plants was performed using silver-stained gels given the high sensitivity of this detection method. This analysis showed a total of 99 differentially expressed proteins, some of which were observed in Coomassiestained gels and subjected to in gel digestion. A total of 15 differential protein spots were successfully identified by mass spectrometry (Table 1) . Although several proteins presented significant differential intensity, as determined by the statistical analysis, a pronounced alteration in the protein profile in response to drought stress was not observed, as has been reported in irrigated rice studies [21] .
In the present analysis, the differential spots identified (Fig.  2) showed fold differences varying between 1.2 and 2.4 [22, 23] . The low levels of altered proteins observed in this study may suggest that the maintenance of the photosynthetic system as well as energy production is part of the tolerance process presented by the variety Três Meses Antigo. It is possible that after 20 days of water deficit, plants are adapted to the amount of available water and are able to maintain growth and production.
One of the differential proteins identified in the present study (3MA 26) was Rubisco activase, which was decreased in water stressed plants. Rubisco activase is a chloroplastic enzyme that regulates the activation of Rubisco [24] , and is controlled indirectly by light intensity, which establishes a favorable H ? and Mg 2? gradient, and allows the synthesis of ATP, necessary for its activation [25] .
Other proteins associated to photosynthetic metabolism were also identified, including spot 3MA 21, which was identified as putative precursor chloroplastic glutamine synthetase, and was decreased during water deficit. This enzyme is involved in the incorporation of ammonium into glutamine, which is the main precursor of several metabolites containing nitrogen. Therefore, glutamine synthetase may have an important role in plant survival during stress conditions. It has been reported that glutamine synthetase is much more active in plants under recovery of severe stress than under water deficit [26] . Since the sampling point for the proteome analysis was at 20 days of drought stress, it is possible that the plant had already adapted to the water deficit condition.
The general plant metabolism is also influenced by stress and proteins such as triosephosphatase isomerase (spot 3MA 66) and H protein subunit of glycine decarboxylase 3 0 (spot 3MA 85) were differentially expressed. Spot 3MA 66 was increased in stressed plants while spot 3MA 85 was decreased.
Unexpectedly, the drought-induced S-like ribonuclease protein (spot 3MA 62) was decreased in the drought stress condition. According to Salekdeh [27] , the abundance of this protein increases at the beginning of the drought stress (18 days after drought stress). After rewatering, plants showed a decrease in the abundance of this protein. Again, it is possible that, in our study, the plants were already adapted to the water deficit condition at the sampling time of 20 days after drought stress.
One protein involved in metabolism, identified in the present study as putative dihydrolipoamide dehydrogenase precursor (spot 3MA 16), was down-regulated in the drought condition (Table 1) . This protein has been described as having a role in cell protection during saline stress in rice plantlets [28] . It has been reported that the up-regulation of proteins involved in cellular detoxication is a general defense mechanism in upland rice [14, 29] . Proteins that belong to this category, up-regulated during water deficit, were identified in this study, including putative germin-like protein (3MA 74) and ascorbate peroxidase (3MA 68). Berna [30] reported that the expression of germin-like protein is stimulated by biotic and abiotic stresses such as heavy metal stress and fungal infection. Peroxidases are antioxidant enzymes that have been described in roots of upland rice under water stress [29] . All these proteins have been reported as part of an essential response of tolerant plants to water deficit [29, 31, 32] . Although these proteins involved in protection against oxidative stress are primarily induced under water deficit, the plants under well-watered conditions also showed up-regulation of proteins related to this function. We identified a putative thioredoxin peroxidase (spot 3MA 84), which was decreased in well-watered plants.
Spot 3MA 31, identified in this study as a putative remorin 1 protein, increased in water-stressed plants and has been reported as induced in leaves of tobacco and Arabidopsis submitted to drought. This protein is associated to the membrane and therefore it is suggested that it plays a crucial role in drought tolerance [33, 34] . This protein has also been found in membrane fractions resistant to detergents [35] . Membranes have an important role in sensing stress and proteins associated to membranes can also play roles in the maintenance of cell turgor.
Overall, transcriptional studies in drought stressed plants suggest that several genes involved in photosynthesis are down-regulated during water deficit conditions [36] [37] [38] . In our analysis of the variety Três Meses Antigo submitted to drought we found a different response. Some photosynthesis proteins were down-regulated while proteins related to oxidative protection were up-regulated. The ability of regulating photosynthesis and oxidative stress mechanisms seem to be crucial for plant adaptation to drought stress. Taken together, the results seem to indicate that the variety used in this study does not show severe changes in the proteome profile in order to cope with water deficit. We sampled leaves several days after the beginning of drought stress since we were interested in evaluating the ability of the plant to cope with long periods of water deficit. It is possible that at 20 days after the beginning of the stress, the plant used mechanisms to adapt to the stressful condition without severely compromising its development and especially production. Indeed, Guimarães [16] observed that Três Meses Antigo revealed only 18 % reduction in grain yield under drought stress.
Unaltered Proteins Identified
Since the variety used in this study is tolerant to drought stress, we also identified some proteins which remained unaltered during the control and drought stress conditions (Table 2) . A total of 39 out of 309 protein spots with unchanged expression were identified and were mostly involved in photosynthesis and energy production. Some proteins associated to protection against oxidative stress damage were also identified. It is possible that the maintenance of the expression of these proteins may play some role in the determination of drought tolerance. These proteins identified can be considered as part of the reference map of Três Meses Antigo and can be used for future comparisons with other varieties differing in their tolerance to drought.
Interestingly, an abscisic acid-and stress-inducible protein (spot 3MA 73) was identified but did not show a significant change in intensity under water deficit, as determined by the statistical test. The production and catabolism of ABA is a well known process and is delicately regulated by stress [39] . In water deficit conditions, ABA has a critical role regulating the water status in the plant through guard-cells, as well as by inducing the expression of genes that encode enzymes and other proteins involved in dehydration tolerance [40] . ABA production and regulation is highly important for cell survival, since it acts as a hormone that regulates stomatal function under stress conditions [41] [42] [43] [44] [45] . It is possible that due to the water deficit tolerance feature of Três Meses Antigo, this protein is expressed constitutively in order to protect the plant from a stress condition.
Several spots corresponding to Rubisco were identified, which did not show altered intensities in response to water deficit. Rubisco is one of the most affected proteins in susceptible plants, since photosynthetic activity is highly altered during drought stress [46] . Moreover, proteins associated to energy production such as putative mitochondrial Fo ATP synthase D chain (spot 3MA 81) and the oxygen-evolving complex protein 1 (spot 3MA 48), involved in photosystem II, were identified and are important for ATP production during photosynthesis. The up-regulation of oxygen-evolving complex protein was also observed by Ali [2] in rice leaf sheath during drought stress.
Other metabolism proteins were identified including a putative NAD-malate dehydrogenase (spot 3MA 42). Dooki [47] reported, through a proteomic approach, that the enzyme malate dehydrogenase was highly abundant in rice panicle subjected to abiotic stress. The up-regulation of this enzyme has also been observed under saline, water and cold stresses [48, 49] . The plastidic enzyme cysteine synthase (spot 3MA 30) was also identified and has been reported to be induced under cold stress in rice [50] . Cysteine synthase is related to sulfur metabolism and is intimately linked to the production of glutathione, a metabolite known to be involved in resistance to biotic and abiotic stresses [50] . Another protein involved in stress resistance identified was superoxide dismutase (spot 3MA 89). Antioxidant enzymes have been reported as part of an essential response of tolerant plants to water deficit [29, 31, 32] .
Concluding Remarks
The comparison between the protein maps obtained from well-watered versus drought stressed upland rice plants allowed the identification of several differently accumulated proteins. These results contribute to a better understanding of the response of the tolerant genotype to water deficit. Proteins related to photosynthetic metabolism were abundantly expressed and some of them showed reduced levels upon water deficit. The results obtained suggest that the tolerant upland rice up-regulates anti-oxidant and energy production related proteins in order to cope with water deficit. Moreover, the capacity of maintaining protein expression mostly unaltered during water stress may also play a role in drought tolerance, especially proteins involved in photosynthesis. This study shows the capacity of proteomic studies for the identification of proteins potentially involved in plant tolerance to drought stress, a highly complex metabolic process. The understanding of this process is somewhat still limited, especially for upland varieties, which are naturally more tolerant to water deficit. Therefore, the identification of protein and genes of agronomic interest, allied to genetic improvement programs has been considered an important strategy for the development of varieties more adapted to water restriction conditions. Proteomics is currently considered an extremely valuable approach to reach this goal and can significantly contribute to rice breeding programs.
